Polyribosomes were isolated from a clonal line of mouse neuroblastoma grown in culture. In a heterologous in vitro system containing rat brain components, these polyribosomes were shown to direct the synthesis of neuroblastoma tubulin. Identification of the tubulin synthesized in vitro was achieved by coelectrophoresis with native neuroblastoma tubulin on sodium dodecyl sulfate polyacrylamide gels, immunoprecipitation, and demonstration of specific aggregation. Tubulin accounted for 2% of the total proteins synthesized. This in vitro protein synthesizing system offers a model for studying possible translational control mechanisms regulating the synthesis of proteins involved in nerve cell function.
The existence of specific translational and(or) transcriptional mechanisms regulating the synthesis of various proteins playing major roles in the function of nerve cells has been postulated (1) (2) (3) . A model system for the investigation of these regulatory mechanisms at a molecular level would be an in vitro protein synthesizing system directed by nerve cell components. Mouse neuroblastoma (NB) tissue culture cells which exhibit many of the properties of mature nerve cells, including cell morphology (4, 5) , electrical excitability (6) , and the expression of several nerve specific enzyme activities (5, 7) , seemed to be a prime candidate for the development of such a system. Since homogeneous cloned lines of NB can be easily grown in culture, large quantities of NB cell constituents involved in protein synthesis can be isolated without concern about other neuronal or glial contaminants.
In the present report, we describe the isolation of NB polyribosomes and their ability to direct the synthesis of NB protein in a heterologous cell-free system. This system included various rat brain components which have already been demonstrated to support in vitro protein synthesis directed by ratbrain polyribosomes (8) . The fidelity of this in vitro protein system will be demonstrated by the identification of tubulin as one of the synthesized proteins. Although tubulin is not unique to cells of neuronal origin (9) , it is found in relatively high concentration in NB cells (10) and appears to play a role in the outgrowth and maintenance (3, (11) (12) (13) of neuronal processes as well as in fast axoplasmic transport (14) (15) (16) Cells. Mouse NB, clone NS20 (17), was grown in Dulbecco's modified Eagle medium supplemented with 10 units/ml of penicillin, 10 iug/ml of streptomycin sulfate, and 10% fetalcalf serum (growth medium). Stock cultures were maintained in falcon T flasks and cells used for experiments were grown in roller bottles containing 200 ml of growth medium.
Preparation and Analysis of Polyribosomes. Cells grown to stationary phase were washed in modified saline Di solution (7) and then detached and lysed in a solution containing 50 mM Tris* HCl (pH 7.4), 100 mM KCl, and 5 mM MgCl2 (lysis buffer) plus 0.5% NP40. Cell lysates were centrifuged at 12,000 X g for 10 min at 40, the supernatants were layered on discontinuous sucrose gradients (0.5 and 2.0 M sucrose in lysis buffer), and the ribosomal material was pelleted at 40, by a 4 hr 100,000 X g centrifugation. Ribosomal pellets were stored at -70°and showed no loss of activity over a period of 6 months. For analysis, the ribosomal pellets were suspended in lysis buffer, then layered on 15 (8) . The concentration of total protein in the complete reaction was approximately 6.5 mg/ml with the polyribosomal material accounting for about 15% of the protein input. Incubations were performed at 370 in a shaking water bath for 60-90 min and the incorporation of '4C-labeled amino acids into polypeptides was measured by hot trichloroacetic acid (TCA) precipitation. Gel Electrophoresis. The-method of Weber and Osborn (?2) was used for electrophoretic separation on 0.1% sodium dodecyl sulfate (SDS) polyacrylamide (PA) gels; gels were prepared in quartz tubes (0.6 cm i.d. X 17 cm). Before electrophoresis, samples were dissolved in a solution contain 10 mM sodium phosphate buffer (pH 7.0), 1% SDS, and 1% mercaptoethanol and heated at 900 for 5 min. Gels were run for 6 hr at 8 mA per gel and scanned before being removed from the tubes (23) . The gels were then removed, sliced in 1-mm sections, and counted for radioactivity after Protosol treatment (24) . Protein was determined by the method of Lowry et al. (25) .
RESULTS
In order to maintain the integrity of polyribosomes during isolation, the movement of ribosomes off the mRNA and the cleavage of unprotected mRNA should be kept to a minimum. We observed, as shown for other tissue cultures (26) , that successful isolation of large quantities of polyribosomal material from NB depends upon cell harvest and lysis conditions. When NB cells were detached into warm growth medium by shaking the roller bottles before lysis a high ratio of 80S ribosomes to polyribosomes was obtained (Fig. 1A) . Such preparations directed protein synthesis in vitro very poorly when compared to polyribosomal preparation from rat brain (data not shown). The addition of RNAse inhibitors (bentonite, dextransulfate, or a 100,000 X g rat-liver supernatant) to the lysis medium did not increase the amount of polyribosomes in these preparations. Failure to chill the cells rapidly during harvesting and extended cell homogenization probably results in cleavage of mENA due to extended nuclease attack (26) .
When the cells were chilled, then washed at 40 while still attached, and subsequently lysed at 40 directly in the roller bottle (Fig. 1B) , the ratio of polyribosomes to ribosomes was increased significantly. Replacing the old growth medium with fresh medium 6 and 3 hr (see Fig. 1C and D, respectively) prior to lysis of chilled attached cells led to a further increase in the polyribosomes recovered. All the in vitro protein synthesis reactions discussed in this paper were performed with the polyribosomal preparations described in Fig. 1B reported by others (27) . The major VBS precipitated component (peak T, Fig. 2 ) was identified as NB tubulin by the following criteria: (i) it comigrates on SDS PA gels with DEAE-Sephadex-purified NB tubulin (Fig. 3) which exhibits a high colchicine binding activity (see Materials and Methods), and (ii) it has a molecular weight of 53,000 as determined by coelectrophoresis with protein standards (insert Fig. 2 ). This agrees with Published molecular weight data for tubulin (18, 28, 29) . Rat tubulin was found to be a major component of the As7O rat-brain fraction and can therefore be used as an internal marker in the SDS PA gel analyses of the reaction mixture products.
Initial attempts to detect in vitro synthesized tubulin involved SDS PA gel analysis of the supernatant of a 100,000 X Borisy, and Taylor, as described in Materials and Methods, was mixed with the 2H-labeled VES precipitate described in Fig. 2 and coelectrophoresed on SDS PA gels. Gels were analyzed as in Fig. 2 g, 2-hr centrifugation of the entire reaction mixture. We assumed that released polypeptide chains synthesized in vitro would be soluble and hoped to eliminate most of the polyribosomal material and nascent protein chains. However, neither the addition of VBS nor tubulin antiserum to the 100,000 X g supernatant resulted in the precipitation of a detectable amount of 14C-labeled tubulin as analyzed on SDS PA gels. In addition, the A2, analysis of these gels revealed that most of the rat-brain tubulin contained in the reaction mixture was also absent from these supernatants. Analysis of the reaction mixture material pelleted by the 100,000 X g centrifugation demonstrated the presence of a large amount of rat-brain tubulin, showing that soluble tubulin had aggregated during the protein synthesis reaction. In an attempt to identify completed tubulin as one of the 14C-labeled proteins found in the high-speed reaction mixture pellet, we resuspended the pellet, clarified this suspension by a low speed centrifugation (27,000 X g, 30 min), and treated the resulting clear supernatant with tubulin antiserum. The 14C-labeled tubulin immunoprecipitate obtained was mixed with a NB 'H-labeled tubulin immunoprecipitate (see Materials and Methods) and then subjected to SDS PA gel electrophoresis. Although this 4C-labeled immunoprecipitate contained more than one protein species (Fig. 4) , it is clear that the major component comigrated with the native 'H-labeled tubulin marker.
The occurrence of rat-brain and in vitro-synthesized NB tubulin in the 100,000 X g pellet obtained from the reaction mixture is in agreement with recent studies (30) which indicated that, at 37°in the presence of 1 mM GTP and salt (conditions similar to those in our protein synthesis reactions), soluble tubulin aggregates and can be pelleted even by a low-speed centrifugation (30,000 X g, 30 min). In an attempt to separate Proc. Nat. Acad. Sci. USA 71 (1974) the released and aggregated "4C-labeled tubulin from any nascent protein attached to polyribosomes, we therefore centrifuged the reaction mixture, after incubation, at low speed (27,000 X g, 30 min). Under these conditions, polyribosomes with attached nascent chains should not be pelleted. An analysis of the resulting pellet showed that the total amount of protein found in these pellets was approximately 7% of the total protein in the original reaction mixture and only 25% of that found in the 100,000 X g reaction mixture pellets described above, indicating that the vast majority of polyribosomal material had indeed not been pelleted. SDS PA gel analysis of the material pelleted at low speed indicated the presence of only a limited number of proteins with rat brain tubulin being the major component (Fig. 5A) . The protein material contained in the rat-brain A280 tubulin peak (shown in Fig. 5A ) was electrophoretically recovered from the gel, mixed with VBS NB 'H-labeled tubulin and run on SDS PA gels. The resulting radioactive profiles (Fig. 5B) demonstrate the presence in the 27,000 X g pellet of a "4C-labeled protein species which comigrates with native NB tubulin.
Since we observed that only part of the rat brain tubulin found in the 100,000 X g pellet appeared in the 27,000 X g 10-2.) pellet, it appeared that most of the tubulin aggregates were small and required high-speed centrifugation to be pelleted.
Recently, Shelansky et al. (31) have reported that in vitro tubulin assembly can be enhanced using a special "assembly buffer" (32) and 4 M glycerol. We therefore dialyzed the reaction mixture after incubation against this "assembly buffer," added glycerol to a final concentration of 4 M, incubated for 30 min at 370, and finally centrifuged the mixture at 27,000 X g for 30 min. The resulting pellet contained almost three times the amount of protein previously found after a direct 27,000 X g centrifugation. There is a dramatic increase in the amount of rat-brain tubulin relative to that of the other reaction mixture proteins pelleted (Fig. 6A) . Once again, 14C-labeled tubulin which had been synthesized in vitro was found in the gel fraction containing the rat-brain tubulin (Fig.  6B) . In fact, the amount of in vitro-synthesized tubulin pelleted under these conditions was 3.3 times as great as that found without the glycerol assembly-buffer incubation and represents approximately 2% of the in vitro amino acid incorporation.
DISCUSSION
The present report shows that a heterologous cell free system, directed with polyribosomes from mouse NB cells and con-taining cell extracts from rat brain, is capable of synthesizing proteins in vitro. The extent of in vitro amino-acid incorporation was found to depend greatly on the quality of the polyribosome preparation. Highest incorporation was observed with preparations exhibiting a high ratio of polyribosomes to 80S ribosomes which were obtained from chilled cells lysed directly in the roller bottles. In addition, we observed that maximum incorporation required the presence of the microsomal wash fraction (data not shown). Since this fraction previously has been shown to contain initiation factors (33, 34) , we believe that both chain initiation and completion of existing polypeptide chains occurred in the complete in vitro system. After incubation for in vitro synthesis, approximately 22% of the total input "C-labeled amino acids were found incorporated into hot TCA-precipitable material.
The ability of this heterologous cell-free system to accurately synthesize NB proteins was established by demonstrating the in vitro synthesis of NB "C-labeled tubulin. The identification of '4C-labeled tubulin synthesized was based on the following criteria: (i) it was precipitable by an antiserum against tubulin; (ii) it formed aggregates, as did the ratbrain tubulin, under the protein synthesis incubation conditions which are similar to those used for in vitro assembly of soluble tubulin (30) ; (iii) as described for other tubulin molecules (31) , the aggregation of the in vitro synthesized 14C. labeled tubulin was specifically enhanced by treatment with 4 M glycerol in "assembly buffer"; (iv) it has a molecular weight of 53,000 which is in agreement with published molecular weight data, and (v) the "4C-labeled tubulin comigrated on SDS PA gels with native NB tubulin which had been shown to bind tolchicine and also with the native rat brain tubulin. Recent reports have indicated that tubulin from a number of sources migrates as one band on neutral SDS PA gels and two distinct bands on certain alkaline PA gel systems (28, 29) . The possibility that the in vitro synthesized "4C-labeled tubulin migrating as one band in our neutral SDS PA gel system represents one or both of the tubulin species is under investigation.
The demonstration of in vitro protein synthesis directed by NB polyribosomes and the identification of one of the products as tubulin establishes a model system in which to search for translational controls regulating the synthesis of proteins involved in specific nerve cell functions. Other possible NB proteins whose synthesis would obviously be interesting to study are those involved in the synthesis and degradation of the two neurotransmitters: acetylcholine and norepinephrine.
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